Objectives/Hypothesis: Regenerative properties of age-associated changes in the intrinsic laryngeal muscles following injury are unclear. The purpose of this study was to investigate the regenerative properties of the thyroarytenoid (TA) muscle in an aging rat model. The hypothesis was that following myotoxic injury, old animals would exhibit a decrease in mitotic activities of muscle satellite cells when compared with younger rats, suggesting reduced regenerative potential in the aging rat TA muscle.
INTRODUCTION
The population of elderly people continues to grow rapidly. In 2010, the US population aged 65 years and older was estimated at over 40 million, representing 13% of the population (http://www.census.gov). By 2050, it is projected that over 88.5 million people will be 65 years and older, based on US Census projections released in 2008, representing 20% of the total US population (Census 2000 data; http://www.census.gov/). Manifestations of physical degeneration, such as fatigue and weakness, negatively affect the lives of elderly people. 1 Despite evidence that aging affects physical functions, mechanisms that account for those changes have not been well defined. [2] [3] [4] Accordingly, an increased understanding of physiologic changes involved in the aging process is warranted. Of particular interest in this work was physiologic changes with aging that underlie deficits in vocalization, swallowing and airway protection.
A primary problem associated with aging may lie in the degeneration of the musculoskeletal system. Muscles of aged animals are more susceptible to contractioninduced injuries, which may have a role in muscle atrophy and the decrease in muscle function seen with age. 5 In fact, contraction-induced injuries may be the most common mechanism underlying skeletal muscle damage associated with daily activities. 6, 7 The repair of damaged skeletal muscles is critical for muscular force production and resulting movements. It has been shown in limb muscles that the capacity for such muscle repair may be less efficient or less complete in older individuals. [8] [9] [10] [11] [12] [13] [14] [15] It is unclear if the same loss of efficiency with muscle repair applies to the muscles of the larynx.
Previous studies of the aging larynx have reported alterations in laryngeal structure and function including decrease in total mass of laryngeal muscles, decrease in number of fibers in laryngeal muscles, alterations in myosin heavy chain isoforms, alterations in neuromuscular junction morphology, and decreased magnitude of electromyographic activity. [16] [17] [18] [19] [20] In contrast to limb skeletal muscle, little is known about the role of satellite cells in the aging thyroarytenoid (TA) muscle, the muscle comprising the bulk of the vocal folds. Satellite cells are a dynamic population of muscle-specific stem cells located between the sarcolemma of the myofiber and the basal membrane. [21] [22] [23] Normally quiescent in adult muscle, satellite cells are activated in response to exercise, myofiber injury, and denervation. 24, 25 On activation, satellite cells enter the cell cycle and begin the processes of proliferation, differentiation, and self-renewal. 26 Thus, satellite cells are a mediator for replacement or repair of lost or damaged muscle fibers and self-renewal in mature animals. 27, 28 A sufficient pool of satellite cells with proliferative potential is necessary for successful repair of damaged muscle fibers. A number of investigations have reported that both the frequency and proliferative ability of satellite cells are diminished in an age-dependent manner in limb muscles in both humans and other mammals. [29] [30] [31] [32] [33] [34] [35] Age-related changes within the satellite cell microenvironment greatly affect proliferation and function, including changes in myofibers, basal lamina, vascular, neural, interstitial, and systemic factors (for review, please see Gopinath and Rando 36 ). As such, intrinsic age-associated changes in the satellite cell population and extrinsic environmental factors may be major determinants contributing to the decline in the regeneration capacity of aged skeletal muscles.
The laryngeal muscles, unlike limb skeletal muscles, retain an activated population of satellite cells. 37 Proliferating satellite cells in the aged human TA muscle may be associated with age-related increases in muscle fiber damage or death. 38 In addition, aged TA muscles may undergo constant myonuclear addition with continual satellite cell proliferation and myofiber fusion in the uninjured state, suggesting continual fiber remodeling or turnover of myonuclei. 39 It has been shown that there is a concurrent reduction of the absolute number of satellite cells in aging TA muscle, suggesting an age-related loss in the regeneration potential. 40 Conclusions, however, cannot be made solely based on this observation because the proliferative potential of satellite cells, one of the major determinants of muscle regeneration, is unclear in the TA muscle.
The purpose of this study was to quantify the mitotic behavior of muscle satellite cells and muscle repair response after injury in the TA muscle in young, middleaged, and old rats. Our hypothesis was that with age the TA muscle would exhibit decreased regeneration following myotoxic injury.
MATERIALS AND METHODS
All experiments were approved by the Institutional Animal Care and Use Committee at the University of Wisconsin-Madison (Madison, WI) and were performed in accordance with the US Public Health Service Policy on Humane Care and Use of Laboratory Animals, the National Institute of Health Guide for the Care and Use of Laboratory Animals, and the Animal Welfare Act (7 U.S.C. et seq.)
Eighteen male Fischer 344/Brown Norway rats were used in this study. Six animals were studied in each of three age groups: 6 months old (young adult), 24 months old (middleaged), and 32 months old (old). All animals were purchased from the National Institute on Aging (NIA) animal colony and housed at the University of Wisconsin-Madison School of Medicine and Public Health (UWSMPH) animal care unit. Animals were transferred to the UWSMPH at least 2 weeks before experiments began. Animals were placed in a 12-hour dark and light cycle, and food and water were provided ad libitum. Rats were anesthetized via intraperitoneal injection of a mixture of ketamine (90 mg/kg) with 1% xylazine (9 mg/kg). Laryngeal movement was visualized during quiet breathing via microlaryngoscopic technique 41, 42 to ensure proper vocal fold motion and to exclude the presence of any pathological abnormalities.
To induce acute muscle fiber degeneration, the myotoxic agent, bupivacaine hydrochloride (BPVC) (30 lL of 0.75%, [Astra USA, Westborough, MA]) was injected unilaterally into the midbelly of the left TA muscle of each rat. BPVC is a myotoxic agent that induces acute muscle fiber degeneration, presumably by binding to sarcolemma and affecting Ca þþ uptake. 16, 43, 44 The muscle injury caused by BPVC is transient and followed by rapid, near-complete recovery of the muscle tissue. 45, 46 The satellite cell population, basal lamina, peripheral nerves and blood supply are preserved, all of which are essential for successful muscle regeneration. 43, 44, 47 Myotoxin muscle injury was confirmed by observation of paralysis of the vocal fold under microlaryngoscopy. In most of the rats studied, unilateral vocal fold paralysis on the injected side became apparent either immediately or within 3 or 4 seconds. Complete vocal fold paralysis on the injured side and reduced vocal fold motion on the contralateral side were observed in one rat.
Immediately after the BPVC injection, a bromodeoxyuridine (BrdU)-filled mini-osmotic pump (Alzet model 2ML1; Durect Corporation, Cupertino, CA) releasing approximately 10 lL/hr, 10 lg/lL BrdU (Sigma, St. Louis, MO) (at a concentration of 125 lg/g of body weight) was implanted subcutaneously in the interscapular area to identify the division history of muscle cells for 7 days. 48 Seven days postinjury, the pump was removed and the surgical opening was reclosed with skin clips. Ten days postinjury, laryngeal motion was visualized and recorded as described previously. With the exception of two rats that died under anesthesia, complete recovery of function was observed at the time of euthanasia. Symmetrical or near-symmetrical bilateral vocal fold motion was observed in all rats. Rats were then euthanized, and the larynx was harvested, rinsed in physiological saline, snap-frozen in liquid nitrogen precooled in 2-methylbutane, and cryosectioned. Serial coronal sections of the entire larynx that were 8-lm thick were made starting from the most anterior aspect of the thyroid cartilage using a cryostat (Leica 2135; Leica, Boston, MA) at À22 C and mounted on glass slides (Fisher Scientific, Pittsburgh, PA). Indirect immunohistochemical labeling of laryngeal sections representing the midbelly of the TA muscle was performed, using antibodies directed against BrdU and laminin. Sections from the midbelly of the larynx were air-dried for 30 minutes, washed in phosphate-buffered saline (PBS), and fixed with 1% paraformaldehyde for 10 minutes. To inhibit endogenous peroxidase activation, sections were incubated with 3% H 2 O 2 in methanol for 5 minutes. Sections were then treated with 0.1% triton in PBS for 15 minutes and then with 1% triton in PBS and in 4N hydrochloric acid (HCl) for 30 minutes to permeabilize the membrane and to denature the DNA, respectively. Following the wash in PBS, sections were blocked for 2 hours in 5% goat serum in PBS, then washed in PBS. Anti-BrdU mouse monoclonal antibody (ICN Biomedicals, Irvine, CA) was applied to sections at a concentration of 1:20 in 0.1% tween (Sigma) in PBS overnight at 4 C. Slides for negative control contained the diluent only, omitting the anti-BrdU antibody. No reaction to BrdU was detected in the slides for negative control. A secondary goat anti-mouse IgG peroxidased antibody (Jackson ImmunoResearch, West Grove, PA) was applied at 1:500 in PBS for 1.5 hours at room temperature. Subsequently, after sections were washed in PBS for 5 minutes three times, 3 0 -diaminobenzidine substrate (Sigma) was applied.
Laminin antibody staining was used to demarcate muscle fiber cross-sections, thus allowing for identification of the muscle fibers and measurement of cross-sectional area. For the laminin double staining, sections were incubated with glycine-HCl for 1 hour, fixed with 1% platelet activating factor for 10 minutes to stabilize the initial staining and incubated with rabbit anti-laminin polyclonal antibody (Sigma). After washing in PBS for 5 minutes three times, Cy3-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch) in a concentration of 1:200 in PBS was applied to the sections for 1 hour, and sections were then counterstained with 0.4% methyl green in PBS (Sigma) for 4 minutes to stain all cell nuclei. Slides for negative control contained the diluent only, omitting the anti-BrdU antibody. No reaction to BrdU was detected in the slides for negative control.
After immunohistochemical staining, micrographs were collected from 80 slides using a camera-assisted microscope. One image from each stained section was captured at both 20Â and 40Â using a Nikon Eclipse E600 microscope (Nikon, Melville, NY), a Pixera color camera (Pixera, Los Gatos, CA), and Metamorph Image Analysis Software (Universal Imaging, West Chester, PA). The two different levels of magnification were alternately used for verification and manual counting of mitotic satellite cells, as described below.
Mitotic satellite cells involved in muscle fiber repair were identified as cells that stained positive for both BrdU and methyl green ( Fig. 1) 49, 50 and were located on the periphery of the muscle fibers immediately adjacent to laminin staining (Fig.  2) . This enumeration method ensured that only those BrdUstained nuclei fused to muscle fibers were counted. Satellite cell mitosis was expressed as the number of labeled nuclei per muscle fiber. To evaluate TA muscle regeneration, areas of intense degeneration and regeneration of the injured side were selected and measured with ImageJ (NIH, Bethesda, MD). The areas of degeneration and regeneration were determined by the presence of multiple BrdU-stained cells. The cross-sectional areas (CSA) of muscle fibers were selected as a recovery parameter in this study because muscle fiber CSA is directly related to measures of muscle strength. 51 Further, increases in muscle fiber CSA following strength training are associated with increases in satellite cell number. 52 Using laminin staining as a marker for cell boundary, muscle fiber CSAs were measured from the areas of intense degeneration and regeneration on the injured side and from the corresponding areas on the contralateral uninjured side. The area of injury and subsequent repair was variable among individual animals. As a result, the number of fibers included for analysis varied for each animal, and were normalized for measures of regeneration (mitosis ¼ cell number per fiber, regeneration index [RI] ¼ CSA injured side/CSA uninjured side). The RI was expressed as a ratio between the mean muscle fiber CSA of the injured side to the mean muscle fiber CSA of the contralateral uninjured side. 14 The extent of mitosis and regeneration were determined for the whole TA muscle (medial TA [MTA] þ lateral TA [LTA]), and individually within the MTA, and the lateral TA (LTA).
Analysis of variance with Fisher protected least significant difference tests was used to compare muscle satellite cell mitosis and regeneration across the young, middle-aged, and old animal groups. Both means and standard deviation (SD) were obtained and reported for each measure for all groups. A criterion a level of <.05 was used to determine statistical significance based on two-tailed tests. All analyses were performed using SAS statistical software (SAS Institute Inc., Cary, NC). All measurements, including those for reliability, were performed on data masked for group identifying characteristics by a single observer. Intrarater reliability of measurement was assessed by replicating measurement on 10% of the data randomly selected from the total data set, and subjecting those data to a paired t test. The difference between the initial measurement and the repeated measurement did not reach significance, indicating intrarater reliability was acceptable (P ¼ .16).
RESULTS

BPVC treatment to the TA muscle successfully injured muscle fibers as demonstrated by an increase in
BrdU-positive cells (Fig. 3A,B ) and qualitatively greater variability in muscle fiber size, including many with a smaller diameter than those found in the contralateral uninjured side (Fig. 4A,B) . The area of injury and subsequent repair was variable across individual animals ( Fig. 5A,B ). The number of fibers measured in each animal ranged from 153 to 742. There was not a significant difference in the number of fibers analyzed across age groups (P > .05).
The relatively short time period selected to analyze the regenerative capacity of the TA muscle focused on the early events of satellite cell activation and proliferation. Continuous BrdU infusion over 7 days following injury provided a cumulative history of all satellite cell mitotic divisions by showing the location of activated satellite cells and the myonuclei they produced. Overall, there were no age-associated differences in the extent of muscle cell mitosis during repair following myotoxic injury in the TA muscle (F 2,15 ¼ 2.76; P ¼ .10).
The RI indicated the level of recovery of the formed fibers following myotoxic injury (for review of measurement, see Materials and Methods). Significant differences in RI were observed among age groups (F 2,15 ¼ 2, 15 ¼ 7.96, P ¼ .004). Six-month-old animals demonstrated a significantly higher RI (mean RI ¼ 0.78 [SD ¼ 0.08]) than the 24-month-old (mean RI ¼ 0.60 [SD ¼ 0.1]; LSD P ¼ .002) and 32-month-old animals (mean RI ¼ 0.64 [SD ¼ 0.05]; LSD, P ¼ .01), indicating faster recovery in the young adult group.
The MTA and LTA portions of the TA muscle were examined. No significant differences were found for the MTA muscle regeneration indices among any age groups (mean RI (Fig. 6A,B) . Additionally, the MTA muscle RI (mean RI of 0.89 [SD ¼ 0.12]) was significantly higher than in the LTA muscle (mean RI of 0.57 [SD ¼ 0.11]; t 11 ¼ 7.9; P < .0001), suggesting greater recovery of muscle fiber CSA in the MTA muscle than in the LTA muscle following the injury.
DISCUSSION
The purpose of this study was to compare thyroarytenoid muscle repair among young adult (6 months), middle-aged (24 months), and old (32 months) rats. We hypothesized the aged TA muscle would exhibit decreased regeneration capabilities following myotoxic injury.
Our results demonstrated an age-associated reduction in muscle fiber recovery after injury. TA muscles, particularly the LTA muscle, from young rats exhibited a significantly higher RI than the middle-aged and old adult rats. The differences we observed in regenerative capacity between the LTA and MTA muscles may be explained in part by their anatomic and functional differences, and this should be explored further. In this study, data suggested that the LTA muscle may be more sensitive to aging based on the RI.
Because satellite cells function to replace damaged muscle fibers, these results suggest that there may be a decrease in the satellite cell regenerative potential with aging within the TA muscle that contributes to reduced muscle regeneration in old animals. However, we did not find a significant age effect when examining early stages of satellite cell mitosis. This finding may be due to our small sample size, the sensitivity of our measure of mitosis, or our short time period of investigation. Examination of formed myofibers in the aged environment beyond 10 days following injury would allow study of how extrinsic factors associated with neural input and vascular supply support the regeneration outcome and should be considered in future research.
Few studies have examined the effects of aging on the early cellular events of muscle regeneration in the TA muscle, namely activation and proliferation of satellite cells on the TA muscle. Numerous investigations in the human limb and animal hind limb suggest that the aging process affects satellite cell number and the proliferative potential, 29, 30, 35, [53] [54] [55] [56] [57] particularly when motor innervation to the muscle was impaired. 58, 59 However, most studies examined the satellite cell populations in a static state. 29, 30, 34, 35, 56 To investigate cellular activation and proliferation for regeneration, the satellite cells must be activated with a myotoxin or other mechanism, as was done in the present study in the TA muscle. Disparity in results of this study to prior work in the hind limb may be due to differential effects of aging between the limb and cranial muscles, 60 the increased proliferative and regenerative capacity of laryngeal satellite cells over limb muscle satellite cells 61 or other differences between satellite cells in limb and laryngeal muscles. 62 There are several age-related changes within the TA muscle that also occur within limb muscles, whereas some alterations appear specific to the TA muscle (for review see Thomas et al. 63 ). One important consideration in evaluating age-related influences on satellite cell activation and proliferation in different muscles is muscle fiber type. An age-related decline was found in slowly contracting type I fibers of the human TA muscle in the ratio of the satellite cells to myonuclei, but this was not found in rapidly contracting type II muscle fibers. 40, 64 Therefore, alterations in muscle fiber type that occur with aging must be carefully considered. Because muscle fibers within the larynx may transform to a slower contracting fiber type with age, 20 an agerelated decline in satellite cell function within slowly contracting muscle fibers may be one factor associated with reduced TA muscle regeneration, as we found in the RI in this study.
Human adult TA muscles exhibit spontaneous fiber regeneration associated with age-related muscle fiber loss. 18, 38 In addition, continuous repair and remodeling of muscle fibers has been documented in the uninjured TA muscle of adult rabbits. Specifically, the TA muscle of mature rabbits exhibited continuous addition of new myonuclei to the existing muscle fibers, suggesting the existence of on-going low-level injury in the TA muscle. 39 In this study, age-matched control groups that did not receive myotoxic injury to the TA muscle were not included, and thus we were not able to investigate the level of activated satellite cells retained in the TA muscle in an uninjured state. These studies will be performed in future research. Processes that result in spontaneous fiber regeneration would put constant proliferative demand on the satellite cell population. With aging, a decline in satellite cell function would negatively impact the regenerative response, as suggested by the results of the present study.
The decline in the regenerative capability of laryngeal muscles with aging may be an underlying mechanism contributing to changes observed in laryngeal anatomy and physiology. Previous investigations showed that age affected laryngeal-respiratory kinematics, changes in TA muscle neuromuscular connections, and differences in myosin heavy chain composition in several intrinsic laryngeal muscles when compared with young adult rats. 19, 42, [65] [66] [67] [68] Furthermore, significant agerelated vascular changes within the microcirculation of the TA muscle have been found in rats 28 to 30 months old compared with 9-month-old rats. 69 These observations, in addition to the findings of the present study, suggest that structural and functional alterations occur with aging and become evident by the age of 24 months in a rat model. Vascular and neural factors contribute not only to age-related functional changes in laryngealrespiratory kinematics in normal muscles of aged animals, but also to the reduced regeneration of myofibers and their subsequent development. Muscle denervation may contribute to age-related changes in muscle mass (for review see Doherty 70 ) and denervation-like changes have been reported in aged rat TA muscles. 19, 67, 72 Although satellite cell activation still occurs in denervated laryngeal muscles, there is a decrease in the satellite cell population, resulting in -either regenerative myogenesis through compensatory mechanisms or the deterioration of regenerative capacity. 73 Thus, denervation or denervation-like changes in muscle with aging may affect regenerative capacity and should be examined directly in future studies. Fig. 5 . Photomicrographs of the injured side of the thyroarytenoid muscle (TA) from two different rats. In (A) the area of regeneration is more localized than that of (B), in which a more diffuse area of regeneration is observed. Taken at 4Â magnification. Scale bar represents 400 lm. Fig. 6 . Regeneration index (mean muscle fiber cross-sectional area on the injured side/contralateral side) of the lateral thyroarytenoid muscle (LTA). In (A), values are means with error bars representing standard deviations. In (B), individual data points are plotted per each age group. Significant differences were observed between group 1 (6-month-old rats) and group 2 (24-month-old rats) and between group 1 and group 3 (32-month-old rats) (P ¼ .03, P ¼ .04, respectively). N ¼ 6 in each age group. CSA ¼ cross-sectional area.
CONCLUSION
A potential clinical implication of prior research, together with the results of the present study, is that an age-associated decline in the TA muscle regenerative capacity may contribute to the TA muscle fiber loss observed in elderly people. 18 Although the TA muscle appears to maintain regeneration capabilities throughout adulthood to compensate for fiber loss associated with on-going injury or disease, the repair response of the TA muscle appears to be age-dependent, exhibiting a lower level of regeneration with aging. Given that the muscles of older animals are more prone to injury, 7 one might postulate that the age-associated decline in the regeneration capacity of the TA muscle may be detrimental to key functions of the larynx, including airway protection, voice production, and respiration in elderly people.
